The early stages of human papillomavirus (HPV) infection and virus-host cell interaction are not well understood. The DNA genomes of HPVs encode six or seven early proteins E7, E6, E1, E2, E4 and E5 (HPV11 encodes two E5 genes) and two late structural genes L2 and L1 which assemble into the viral capsid[@b1][@b2][@b3]. The two major oncoproteins E6 and E7 have been extensively studied. They are multifunctional and are mainly involved in the deregulation of cell cycle control[@b4]. The E7 of malignant viruses inactivates the tumour-suppressor protein pRB and E6 degrades the tumour-suppressor protein p53 via interaction with E6AP. This leads to cell cycle progression from the G1 into the S-phase[@b5]. However, other aspects of HPV biology remain uncharacterised. For example, there is only fragmented knowledge concerning the function of the remaining early proteins. Additionally, since most research focuses on one protein at a time, little is known about how the viral proteins work together to establish and maintain viral infection.

Several studies have used global gene expression profiling to study the impact of HPV on the cellular transcriptome. Some of these studies used biopsy specimens infected with low- or high-risk HPVs[@b6][@b7][@b8], while others used cell culture models bearing HPV genomes, e.g. W12 cell line with the HPV16 genome from natural infection[@b9], keratinocytes transfected with HPV31[@b10] or HPV11 episomes[@b11] and keratinocytes with integrated or episomal HPV18 genomes[@b12]. In yet another approach, cell cultures have been transfected with HPV DNA encoding viral oncogenes. Gene expression analysis has been reported in cervical keratinocytes infected with retroviruses encoding HPV16 E6 and E7[@b13], HPV16 E7-expressing keratinocytes[@b14] and keratinocytes infected with retroviruses encoding HPV18 E6 and E7 genes[@b15].

In the present study, we transfected a human keratinocyte cell line, HaCaT, with the genomes of three HPV types: HPV11, HPV16 and HPV45. HPV11, which causes benign papillomas, is a prototype for non-malignant, low-risk virus. HPV16 is the most common high-risk virus, which is responsible for the majority of cervical and some head and neck cancers. HPV45 is the fifth most prevalent malignant virus type found in cervical lesions[@b16] and is absent from the prophylactic vaccine implemented in Western countries. We conducted global expression profiling of the transfected cells and the control, followed by bioinformatics analysis integrating available knowledge of cellular pathways, protein-protein interactions and transcription factor binding sites. It is, to the best of our knowledge, the first direct comparison of global gene expression profiles of HPV11, -16 and -45 positive cells. Our study addresses the unexplored interactions between HPV and the host cell at early stages of infection. Secondly, we explore the contribution of the virus to uncontrolled growth and carcinogenesis. The expression profiles of 20,000 genes within our model are freely available online and constitute a valuable resourse for the HPV research community (ArrayExpress accession number: E-MTAB-1160).

Results
=======

Cell culture growth is slowed by viral infection
------------------------------------------------

The cell cultures were transfected with circular DNA genomes of HPV11, -16 or -45 and the control cultures were transfected with the plasmid encoding only the neomycin resistance. All three cell cultures transfected with HPV genomes grew more slowly than control-transfected cells ([Figure 1](#f1){ref-type="fig"}). The reduction in absorbance within the first 24 hours in HPV positive cells indicates death of part of the cell population. This can be a result of virus killing the cells or cells switching on the apoptosis programme in response to viral infection. HPV11 slowed the growth of the cell culture to the greatest extent, while the HPV16 and -45 positive cultures grew at a similar rate. The presence of viral mRNA transcription was verified by qRT-PCR. The presence of the HPV genomes was confirmed by DNA PCR analysis ( [Supplement 1](#s1){ref-type="supplementary-material"}).

Differential expression analysis
--------------------------------

We profiled the global gene expression in the transfected cells and performed the analysis of differential expression between the cells transfected with each virus versus control. Throughout the article, we refer to the mRNA transcripts by their HUGO gene symbols. HPV11, -16 and -45 differentially expressed 391, 338 and 75 transcripts, respectively. The lower number of differentially expressed transcripts in HPV45 positive cells was due to failure of one array sample, which led to some loss of statistical power. Due to generally modest fold changes observed in differential expression (ranging from --4.1 to 4.5), we used a relatively stringent significance threshold (adjusted p-value \<0.01). Tables of all the differentially expressed genes in cells transfected with HPV11, -16 or -45 genomes are available in [Supplement 2](#s1){ref-type="supplementary-material"}. In order to improve the robustness of our results, we first focused on the genes that were differentially expressed by at least two HPV types and, in a further analysis, we integrated the prior knowledge of protein-protein interactions. This approach reduces the chances of false positives because the probability of observing a set of differentially expressed genes that interact at the protein level by chance only is considerably smaller.

We analysed the genes differentially expressed by more than one virus ([Figure 2](#f2){ref-type="fig"}). Six members of the human pregnancy-specific glycoprotein (PSG) family (PSG3, 4, 5, 7, 8 and 9) were upregulated by all three HPV types. PSGs are known to be produced by placental syncytiotrophoblasts during pregnancy and have been shown to have an immune modulatory function and possibly proangiogenic effect[@b17]. ANKRD1 and IFIT2 were also found to be upregulated by all the studied HPVs. ANKRD1 is induced by IL-1 and TNF-α[@b18], while IFIT2 is interferon-induced[@b19]. This suggests that these genes were upregulated by the host cell in response to the infection.

The group of genes upregulated upon HPV16 and -45 infection included ABL2 and MGLL, which can promote cancer cell migration, invasion and tumour growth by regulating the levels of fatty acids that serve as signalling molecules[@b20]. Other upregulated genes were: BNIP3, involved in protecting cells from virally-induced cell death; CTGF, a pro-inflammatory cytokine also upregulated by hepatitis C virus E2 protein[@b21]; and CYR61 (cysteine-rich, angiogenic inducer 61), a promoter of cell proliferation, chemotaxis and angiogenesis. This upregulation of proliferation, angiogenic and oncogenic genes by the high-risk HPV types suggests that these viruses may already exhibit their oncogenic potential during the early stages of infection.

Notably, IFI44 (interferon-induced protein 44) and DDX60 were upregulated by HPV11 and downregulated by HPV16 and -45 infections. IFI44 has previously been associated with hepatitis C virus infection[@b22] and exhibits anti-proliferative activity[@b23]. DDX60 is a helicase which has recently been shown to have anti-viral function[@b24][@b25].

The group of genes that was downregulated by at least 2 HPV types included: ANKRD11, which interacts with and enhances the activity of p53; AOAH, an immune response gene upregulated in response to swine fever virus[@b26]; and FOXN1, whose mutation in mice and rats causes hairlessness and a severely compromised immune system, and regulates keratin gene expression, which is consistent with the downregulation of a group of keratins in the HPV45 network (see the result section below on HPV45). Interestingly, the oncogene BCL11A was also downregulated by all the HPV types.

Integrative functional analysis
-------------------------------

In order to ascertain the biological relevance of the differentially expressed mRNA transcripts, we integrated protein-protein interaction data to identify networks of differentially expressed genes that interact at the protein level. Throughout the article, we use the term 'gene', without referring specifically to mRNA or protein unless the distinction is necessary for clarification.

Assuming that functionally related genes will share an expression pattern within our model, we clustered all the genes that were differentially expressed by at least one virus type into six clusters. We then performed an enrichment analysis to ascertain the biological function of the genes within the clusters. We visualised the expression of differentially expressed genes across all three HPV types ([Figure 3](#f3){ref-type="fig"}). Lists of genes for each of the six clusters are available in [Supplement 3](#s1){ref-type="supplementary-material"}.

HPV11
-----

The protein-protein interaction (PPI) network of genes differentially expressed upon HPV11 infection ([Figure 4A](#f4){ref-type="fig"}; later referred to as the HPV11 network) was dominated by downregulated genes involved in the (mitotic) cell cycle (26 genes), mostly centred around CENPA, PIN1, PLK1 and MCM2, -5, -6, -7 proteins. We also observed that the genes of clusters 2 and 5 ([Figure 3](#f3){ref-type="fig"}), which were downregulated by HPV11, were enriched in cell cycle genes. This result is consistent with the observed growth curves demonstrating the slowest growth of HPV11 positive cells.

The group of downregulated genes surrounding TP53 is involved in both the cell cycle and DNA damage repair. This group also connected the cell cycle group of genes to a group of genes involved in double-strand DNA repair, centred around BRCA1, RAD51 and FA family genes, FANCA, FANCE and FANCG, all of which were downregulated. In concordance with this result, clusters 2 and 5 (downregulated by HPV11) were enriched with 21 and 52 genes, respectively, from the BRCA1 signature. The signature of genes correlated with BRCA1 has been reported by others[@b27]. Additionally, cluster 2 contained five genes induced by BRCA1 (WELCSH_BRCA1_TARGETS_1\_UP). Interestingly, PARP1, which plays a role in the repair of single-stranded DNA, was downregulated and was connected to CENPA in a cell cycle sub-network. The lowered expression of BRCA1 and genes interacting with it or correlated with its expression suggests a reduction of the activity of DNA damage mediated by BRCA1 and related proteins. BRCA1 regulates transcription of POLD1 and CHAF1A, present in the network. POLD1, CHAF1A and other genes surrounding PCNA were all downregulated and their biological functions include DNA replication (several DNA polymerases), but also DNA repair.

Some of the upregulated genes present in the network encode proteins involved in the cellular response to HPV infection, including MX1 (an interferon-induced anti-viral protein), TLR4 (an activator of innate immunity) and pro-inflammatory PTGS2. Interestingly, MX1 interacts with FA family proteins and IFI44 (STRING 9.0). Other upregulated groups included extracellular proteins IGFBP3, CP and TFPI2, which interacted with plasminogen (PLG). Their function in HPV infection is elusive.

HPV16
-----

The PPI network of genes affected by HPV16 infection was enriched with metabolic genes, most of them being downregulated ([Figure 4B](#f4){ref-type="fig"}). Forty-six genes of the network are involved in biopolymer metabolic processes, 25 of which are involved in transcription/RNA metabolism. Within the network, the RNA metabolism genes were placed around RB1, SP1 and NCOR1, but also around JUN and SMAD2. SMAD2 was also connected to cell cycle genes STAG1 and STAG2. There was also a group of downregulated cell cycle genes surrounding YWHAG. Supporting results come from the cluster analysis, where cluster 6, downregulated by HPV16 ([Figure 3](#f3){ref-type="fig"}), was enriched with genes involved in the mitotic cell cycle. This downregulation of metabolic and cell cycle genes suggests the slowing down of growth and proliferation processes. Thus, this result is consistent with the growth curves ([Figure 1](#f1){ref-type="fig"}). The role of JUN in the network is unclear, being surrounded by nine genes involved in RNA metabolism, three of which were upregulated. JUN itself was upregulated, and we observed the upregulation of its targets in cluster 4.

Secondly, we observed a group of 11 genes associated with signalling pathways for cytokines and growth factors. The genes were centred around PIK3R1, RASA1 and JAK2. Seven of these genes are involved in JAK-STAT signalling. The downregulation of these genes may represent the reduction in growth signalling, which is consistent with the observed downregulation of metabolic and cell cycle genes. However, the presence of IL7 and IL7R, which also stimulate the B- and T-cell response, may also have implications for the immune response. Only one gene in the sub-network, GRAP, was upregulated.

Genes grouped around APC, NIN, VIM, KIAA1377 and ATRX are related to the cytoskeleton and vimentin (VIM) was connected to the actin regulators ROCK1 and ROCK2, which are involved in the formation of stress fibres[@b28]. Cluster 6 was enriched with genes involved in cytoskeleton structures.

Additionally, we observed a group of downregulated genes responsible for DNA repair. The genes were centred around NBN, ATR, BRCA1, BRCA2 and RAD50. Further, cluster 6 (downregulated by HPV16) included 21 genes correlated with CHEK2 and 14 genes correlated with BRCA2.

Notably, several members of the PSG family, PSG3, 9 and 5, interacted with genes throughout the network.

HPV45
-----

In the PPI network of genes differentially expressed upon HPV45 infection ([Figure 4C](#f4){ref-type="fig"}), GRB2, which plays a role in signalling, was linked to two groups of surface proteins and to downstream signalling pathways. The first group consisted of membrane proteins EPHB2, EFNB1, SDCBP and MAGI3, and extracellular TGFA. EPHB2 was also connected to the upregulated oncogene ABL2 (tyrosine kinase). The second group included genes interacting with PLG, i.e. matrix remodelling proteins TFPI2 and MMP3 and cell surface glycoprotein F3, and genes interacting with PRNP, i.e. ADAM23, PVRL1 and PVRL4. Of note, the same interaction NEU3-GRB2-PRNP-PLG-TFPI2 was also observed in the HPV11 network. The genes interacting with PLG were upregulated, while the genes interacting with PRNP were downregulated by both viruses.

GRB2 was linked to a group of downregulated genes centred around members of the keratin family (KRT5, KRT6A and KRT14). Seven out of the nine proteins in this group are part of the cytoskeleton and four of these cytoskeletal genes are specifically involved in epidermis development. Additionally, four out of the nine genes (TRADD, TNFRSF1A (TNF receptor), PKP1 and DSP) are involved in apoptosis. GRB2, SHC3, AKT3, ADCY7 and PRKCD are part of the TRKA signalling from the plasma membrane.

The second part of the network was enriched with genes from the TGF-β pathway, which were placed around the INHBA-FST-SMAD9-SMAD3-CREBBP signalling chain. SMAD9 was linked to a group of eight extracellular/secreted proteins, seven of which were upregulated. SMAD9 interacted with SMAD3 which in turn was connected to a group of downregulated genes centred around CREBBP. Additionally, SMAD3 was linked to four downregulated members of the NOTCH pathway and three upregulated genes: JUN, SQSTM1 and IL1F7. JUN has binding sites on the promoters of four upregulated genes in the network: DDIT3 and HDAC9 in the SMAD3/CREBBP sub-network and F3 and TFPI2 in the PLG sub-network. Additionally, cluster 4, which was upregulated by HPV45, was enriched with genes having JUN binding sites in their promoter regions. The interaction chain SQSTM1-SMAD2/3-JUN-DDIT3 was shared between the high-risk types HPV16 and HPV45.

PRKCD, linked between CREBBP and PTK2B-GRB2, was also directly linked to plasma membrane proteins and the upregulated oncogene AKT3.

Discussion
==========

The experimental model used here allows us to study and directly compare the differential expression of mRNAs mediated by different HPV types on the same cellular background. The model represents the early stages of viral infection and fills the gap between studies based on virus-induced cancers in human specimens and studies focused on single viral oncogenes like E6 and E7. Since only less than one percent of high-risk HPV infections leads to cancer, studies based on persistently infected tissues and infected cancers are biased towards the situations and mechanisms when the virus is not cleared by the immune system. We believe that a better understanding of the early stages of HPV infection can aid the development of treatment to clear out the infection in cases where it is not cleared spontaneously before it develops into malignancy. In contrast to studies which focus on single viral proteins like E6 or E7, our model represents the combined effect of all the early proteins working together in the infected cell, thus providing the possibility to observe the full effect of HPV genomes on host cells. It is especially useful for viral activities that rely on more than one viral protein. However, it should be kept in mind that the HaCaT cells used in the model are spontaneously immortalized skin derived cells, which harbour a mutated P53 and P16 inactivation. This may have an impact on the gene expression changes introduced by the HPV genome. We did not determine if the HPV genome remained in the episomal state after the transfection or if it was integrated in host\'s chromosomes during selection. In our opinion, it is unlikely that the HPV genomes would integrate into the host genome after only 3 weeks of growth as also demonstrated for HPV31 in a similar transfection protocol[@b29].We have previously used this experimental model to study the impact of HPV11, -16 and -45 on cellular microRNA expression[@b30][@b31].

Contrary to our expectations, transfection of host cells with the three studied HPV genomes has a negative impact on their growth. In concordance with this finding, the cluster analysis and PPI network show the downregulation of cell cycle and metabolic genes by HPV11 and -16, achieved by different sets of genes, e.g. genes of RNA metabolism are downregulated by HPV16 and genes of DNA metabolism are downregulated by HPV11. The downregulation of cell cycle genes is most profound in response to HPV11, which also induces the slowest cell culture growth. Notably, direct downregulation of cell cycle genes by HPV45 is not observed. We conclude that early HPV infection disrupts normal cellular processes, which hinders growth.

BRCA1, BRCA2 and CHEK2 are responsible for DNA repair, cell cycle arrest and apoptosis. The downregulation of BRCA1, genes correlated to BRCA1 expression as well as genes interacting with BRCA1 at the protein level, such as FANCA and RAD51, is mediated by HPV11. Transfection with HPV16 results in the downregulation of genes correlated to the expression of CHEK2 and BRCA2. Additionally, BRCA2, BRCA1, RAD50 and surrounding genes are also downregulated in the HPV16 PPI network. Different DNA repair genes are affected by HPV11 and -16. This suggests that HPVs can target different genes to achieve the same goal of lowering the capability of the host cell to repair its DNA.

The lowered expression of genes involved in DNA repair suggests a reduction of the activity of DNA damage repair and consequently a susceptibility to accumulation of mutations during repeated mitosis/DNA replication cycles. We propose that the increased activity of the DNA repair system in late stages of HPV infection and during HPV-driven carcinogenesis reported in previous studies[@b6] is a secondary effect of substantial DNA damage present in the host cells and not induced by HPV. Contrarily, we suggest that HPV impairs the DNA damage detection and repair system early in infection, which allows the accumulation of mutations that can be beneficial for the initiation of a persistent viral infection and carcinogenesis process. The HPV16 E6 protein has also been found to interfere with single-strand repair by binding to XRCC1, leading the authors to conclude that the virus contributes to genomic instability[@b32]

It takes several months for the immune system to clear an HPV infection. Apart from avoiding immune surveillance by infecting only the basal layer of the epithelium and low expression of viral proteins, HPVs actively suppress the immune response (reviewed by[@b33]). It is not clear which factors lead to persistent infection that is considered a prerequisite for progression into cancer.

Our results from the PPI networks show the host cell response to infection both as an upregulation of anti-viral genes and a downregulation of genes involved in the immune response, which we deem to be part of the HPV strategy to avoid destruction by the immune system. In HPV11 positive cells, the pro-inflammatory PTGS2 and MX1 (which shows activity against influenza virus and VSV rhabdovirus and Hepatitis B virus[@b34]) are upregulated. However, DAXX, a protein which interacts with MX1, and TP53 which interacts with PTGS2 are downregulated. A similar pattern is seen for TLR4 (toll-like receptor 4). TLR4 is upregulated, yet SYK, GRB2 and other signalling genes functioning downstream in the signalling cascade are downregulated. We suggest that HPV may counteract the cellular response by downregulation of genes interacting with activated anti-viral proteins. Both MX1 and TLR4 have recently been shown to be involved in HPV infection[@b35][@b36]. However, MX1 was reported to be downregulated by high-risk HPVs[@b35]; MX1 expression is not changed by HPV16 and -45 in our experimental model. Notably, in HPV16 positive cells, a group of genes from the JAK-STAT signalling pathway is downregulated, including IL7, IL7R and JAK2. This finding is supported by a previous report showing that JAK2 is impaired by the E6 oncoprotein of HPV18[@b37]. Our results point to downregulation of JAK-STAT signalling pathway genes as the viral action to hinder the interferon-driven immune response. Another upregulated gene likely to be involved in the anti-viral response is SQSTM1 (EBI3-associated protein of 60 kDa where EBI3 represents Epstein-Barr virus induced 3)[@b38]. In the HPV45 network, IL1F7, which suppresses the immune response, is upregulated. This is likely caused by the virus. IL1F7 requires SMAD3 for its function, to which it is connected in the network and SMAD3 is further connected to SQSTM1 and JUN.

Interestingly, the PSG family (PSG3, 4, 5, 7, 8 and 9) is upregulated by all three HPV types. We suggest that HPV uses the immune modulatory function of the PSG family to suppress the activity of the immune system. However, PSGs have also been suggested to be possible receptors for mouse hepatitis virus[@b39][@b40] and HIV[@b41]. The exact function of the PSGs in HPV infection remains unknown. Our study identified two further genes upregulated by all three HPV types, namely ANKRD1 and IFIT2. These are likely to be activated by the host cell in response to infection. In high-risk HPV16 and -45, BNIP3 and CTGF, which are known for their anti-viral activity[@b21], are also upregulated.

IFI44 and DDX60 are very interesting because they are upregulated by low-risk HPV11 and downregulated by high-risk HPV16 and -45 infections. Both genes have anti-viral activity reported in other viruses[@b22][@b24][@b25]. IFI44 is induced by IFN-α and leads to microtubule aggregates in hepatitis C virus infected cells and overexpression inhibits cell proliferation[@b22][@b23]. DDX60 is a helicase and an integral part of the exosome. It is important for RNA stability[@b25]. The mechanism of action of these genes in HPV infection is currently unknown, but if elucidated, could lead to a better understanding of the differences between low- and high-risk viruses.

In epithelial cells, the cytoskeleton fibres maintain the cell structure. During viral infections, the actin fibres and microtubules are involved in both the uptake and release of virus particles[@b42], whereas the function of the cytokeratins is less well understood. However, cytokeratins are important for the differentiation of epithelial cells and the fibres are composed of pairs of keratins defining the grade of differentiation. Keratins 5 and 14 are characteristic of the fibres in the proliferative basal layer, where they play a role in proliferation[@b43]. Interestingly, these keratins together with keratin 6A are downregulated in HPV45 positive cells, indicating a transition of the HPV positive cells into a more simple epithelial cell[@b44]. In HPV16 positive cells, there is no differential regulation of cytokeratins; however, a cluster of genes linking to vimentin (VIM) includes the actin regulators ROCK1 and ROCK2 involved in the formation of stress fibres[@b28]. There are no differentially regulated cytoskeleton genes in the HPV11 PPI network. However, the pseudogene ROCK1P1 is the most downregulated gene in HPV11 positive cells. The downregulation of cytokeratins 6A, 10 and 13 (all from the stratified epithelium) has also been described in high-grade cervical lesions (HSIL)[@b45], thus validating the cell model system. Interestingly, FOXN1 induces keratin gene expression[@b46] and is downregulated by all three HPV types.

Our results imply that HPVs affect cellular signalling pathways by changing the expression of genes involved in signalling. Several signalling pathways are represented in the HPV45 PPI network. First, NOTCH pathway genes are downregulated. The downregulation of NOTCH1 expression has been reported in cervical carcinoma cells and is thought to be important in the late stages of HPV-induced carcinogenesis[@b47]. We propose that the NOTCH pathway may already be modulated in the early stages of HPV infection.

Secondly, in the HPV45 network, TGF-α is upregulated and several genes of the TGF-β/SMAD signalling pathway are present. Interestingly, the genes of the extracellular part of TGF-β are upregulated, whereas the nuclear genes are downregulated. The TGF-β/SMAD signalling pathway is involved in many cellular processes; however, the molecular changes in the TGF-β/SMAD pathway in HPV infection are unclear. TGF-α is involved in mitogenesis and angiogenesis and is upregulated in several cancers[@b48].

An interesting chain of interaction proteins, TFPI2-PLG-PRNP-GRB2-NEU3, is present in the PPI networks of both low-risk HPV11 and high-risk HPV45. The limited information on these genes and their involvement in HPV biology makes it difficult to deduce their function. The presence of upregulated extracellular PLG, TFPI2 and MMP3, which are involved in matrix remodelling, may lead to changes on the cell surface and of the extracellular matrix, and possibly more invasive growth. The presence of a GRB2-interacting sub-network, which is involved in TLR4 and tyrosine kinase receptor signalling, points to the possible implication of all five proteins in the immune response signalling. Interestingly, GRAP, a GRB2-related adaptor protein, is upregulated in the HPV16 PPI network and interacts with downregulated genes of the JAK-STAT and PIK3R1 signalling pathway.

The aim of the study was to look for the early changes in HPV genome-bearing cells and not at HPV-driven carcinogenesis. However, we have identified some expression changes which we believe imprint the cells for future progression to malignant growth. For example, in response to high-risk HPV16 and -45, we observe increased activity of known oncogenes: JUN, upregulation of oncogene ABL2, cancer-promoting MGLL, angiogenic CYR61 and histone deacetylase HDAC9 (HPV45 only). Additionally, the impact of HPV45 infection on signalling pathways such as NOTCH, TGF-α and TGF-β could be implicated in cancer development. Finally, the observed downregulation of DNA repair genes could lead to the accumulation of mutations and contribute to the acquisition of other hallmarks of cancer.

We believe that our experimental model provides an interesting and useful link between profiling studies based on the oncogenes E7 and/or E6 and tissue studies. Furthermore, the data obtained in the present study open up new avenues of research where genes not previously identified as involved in HPV infections, e.g. IFI44 and DDX60 can be studied in depth. We believe that an understanding of the early stages of HPV infection could lead to the development of treatment strategies that would aid the clearing of persistent HPV infections. For future studies, establishment of a similar model in primary kerationocytes would provide further validation of the results and could overcome any limitations introduced by using HaCaT cells in our model.

Methods
=======

Transfection of cells and RNA extraction
----------------------------------------

HaCaT cells were cultured and transfected as previously described by Dreher et al.[@b30]. We conducted the transfection in three replicates for each virus type and control; however, one sample for HPV45 failed during microarray profiling.

The transfected cells were grown under G418 sulphate (Invitrogen) selection for three weeks. Total RNA was extracted in TriZOL reagent according to the protocol of the manufacturer (Invitrogen).

MTT growth assay
----------------

We performed the measurement of cell proliferation with the Cell Proliferation Kit 1 (MTT) (Roche A/S, Hvidovre, Denmark) according to the manufacturer\'s protocol. HaCaT cells were transfected with HPV11, -16 or -45 full genomes and after a two-week selection cells were plated in five 96-well plates (10,000 cells per well). The G418 selection was not used during the MTT assay. At time points 0 h, 24 h, 48 h, 72 h and 96 h, 10 µL MTT was added to each well of one plate and incubated at 37°C for four hours. Thereafter, 100µL solubilising buffer was added to each well and the plate incubated overnight. Absorbance was measured at 570 nm and 690 nm for reference using a Synergy HT Multi-Mode Microplate Reader (Bio-Tek, Winooski, USA).

qRT-PCR validation
------------------

RNA batches made from HPV11 transfected cells were validated for E7 transcription and RNA from HPV16 batches for E7and E6 transcripts by qRT-PCR. The primers were: 11-E7 fwd: 5′- nt.533 gctggaagacttgttaccc nt.551-3′ and 11-E7rev: 5′- nt.727 tcggacgttgctgtcacatcc nt.707-3′ 16-E7 fwd: 5′- nt.755 ttcggttgtgcgtacaaagc nt.774-3′ and 16-E7rev: 5′- nt.821 agtgtgcccattaacaggtcttc nt.799-3′ 16-E6 fwd: 5′- nt.215 ctgcgacgtgaggtatatgacttt nt.238-3′ and 16-E6 rev: 5′- nt.292 acatacagcatatggattcccatct nt.268-3′. The qRT-PCR reaction was performed according to standard procedures with the following hybridisation temperatures: for 11-E7 55°C, for 16-E6 and 16-E7 56°C. The PCR reaction was continued for 40 cycles.

RNA labelling and hybridisation to microarray
---------------------------------------------

Total RNA (100 ng) was amplified and labelled using the Ambion WT Expression Kit (Applied Biosystems**)** according to the manufacturer\'s instructions. The labelled samples were hybridised to the Human Gene 1.0 ST GeneChip Array (Affymetrix, Santa Clara, CA, USA). Arrays were washed and stained with phycoerythrin-conjugated streptavidin (SAPE) using an Affymetrix Fluidics Station® 450 and subsequently scanned in an Affymetrix GeneArray® 2500 Scanner to generate fluorescent images according to the Affymetrix GeneChip® protocol. Cell intensity files (CEL files) were generated using Affymetrix GeneChip® Command Console® (AGCC) software.

Pre-processing of CEL files
---------------------------

The CEL files containing the array raw data were imported to the R environment and pre-processed using the *OLIGO* package from Bioconductor[@b49]. The expression data were normalised using the RMA (robust multi-array averaging) method and their probes were summarised by 'core' genes, resulting in log2 expression values for \~20,000 genes. A detailed description of all the analyses performed in R, as well as the source code to reproduce the results can be found in [Supplement 4](#s1){ref-type="supplementary-material"}. The raw and pre-processed array are available online at ArrayExpress, accession number: E-MTAB-1160.

Differential expression
-----------------------

The analysis of differential expression was performed by means of the *Limma* package[@b50], which uses moderated t-statistics. Samples transfected by each virus type were compared to controls transfected with empty vectors. The empirical Bayes approach employed in *Limma* 'borrows' information about variance across samples and results in stable inference when the number of arrays is small[@b50]. Therefore, we were able to perform the analysis of differential expression for HPV45 based on two samples. We did, however, observe some loss of statistical power, which resulted in a smaller number of differentially expressed genes for HPV45 compared to HPV11 and -16 (see [Supplement 4](#s1){ref-type="supplementary-material"} for the exact procedure and R code). The p-values were adjusted for multiple testing by the Benjamini-Hochberg correction method. The significance thresholds for differential expression were set to a) absolute log2 fold change above 0.6 (fold change \>\~1.5) and b) adjusted p-value \<0.01.

Cluster analysis
----------------

All the genes that were differentially expressed in at least one virus type were clustered based on their expression profiles. **d = 1 -- r** was used as the distance measure, where **r** is the Pearson correlation coefficient. The genes were clustered into six groups by PAM, a robust k-means-like clustering method. Each cluster was investigated for overlap with signatures from the Molecular Signatures Database v3.0, which includes the KEGG, GO, BioCarta and Reactome terms, as well as curated signatures of chemical and genetic perturbations. The significance of overlap/enrichment was calculated using the hypergeometric test implemented on the website (<http://www.broadinstitute.org/gsea/msigdb/>).

Integrated network analysis
---------------------------

The networks of differentially expressed networks of genes interacting at the protein-protein level were computed by means of *BioNet*[@b51]. This method identifies the differentially expressed functional module by integrating the p-values derived from the differential expression analysis and the human PPI network, as described in detail by[@b52]. The heuristic approach was used to calculate an approximation to the optimal scoring sub-network. The significance thresholds were HPV11, FDR = 0.001; HPV16, FDR = 0.002; HPV45, FDR = 0.02. The networks were exported to and visualised by Cytoscape[@b53]. The fold changes of differential expression were used to colour the nodes of the network; red was used for upregulated genes and green for downregulated genes. The function of the parts of the network was inferred using the enrichment/overlap analysis and literature search.
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Cells were seeded for measurement of proliferation using the MTT assay,which was conducted without G418 selection. Cultures were harvested for proliferation measurement every 24 hours for a total of 96 hours. The cell cultures transfected with HPV genomes grew more slowly than the control (pSV2neo), and some cells died following the transfection.](srep00515-f1){#f1}

![Right panel: Venn diagram of differentially expressed genes (numbers of upregulated genes are shown in green and downregulated in red). Left panel: The heatmap of the expression of genes that were differentially expressed by at least two virus subtypes. The PSG family, ANKRD1 and IFIT2 were upregulated by all three HPV subtypes. ABL2, MGLL and CYR61, which have angiogenic and oncogenic potential, were upregulated by HPV16 and -45. IFI44 and DDX60 were upregulated by HPV11 and downregulated by HPV16 and -45. There were 16 genes that were significantly downregulated by at least two HPVs. These gene showed tendency to be downregulated across all 3 type, among them we find ANKRD11, AOAH, FOXN1 and the oncogene BCL11A. Lists of all the differentially expressed genes are available in [Supplement 2](#s1){ref-type="supplementary-material"}. The upregulated genes are depicted in red, downregulated in blue, and not differentially expressed in white.](srep00515-f2){#f2}

![Heatmap showing the expression of differentially expressed genes upon transfection with HPV11, -16 or -45 genomes.\
The genes were grouped into six clusters. Clusters 2, 5 and 6 were enriched with cell cycle and DNA repair genes from BRCA1 (clusters 2 and 5) and BRCA2 (cluster 6) networks[@b27]. Cluster 4 was enriched with JUN transcription factor target genes and cluster 3 was enriched with interferon response genes. The genes of each of the six clusters are listed in [Supplement 3](#s1){ref-type="supplementary-material"}. The upregulated genes are depicted in red, downregulated in blue, and not differentially expressed in white.](srep00515-f3){#f3}

![The networks represent the differentially expressed regions in the human protein-protein interaction (PPI) network upon infection with A) HPV11, B) HPV16 and C) HPV45.\
The fold changes of differential expression are represented by colour of the nodes: upregulated -- red, downregulated -- green and not changed -- white. The subcellular localisation is illustrated by shape of the nodes: ellipse -- cytoplasm, triangle -- extracellular, hexagon -- nucleus, rectangle -- plasma membrane and parallelogram -- unknown.](srep00515-f4){#f4}
